Objective: To investigate the effect of gross saponins of Tribulus terrestris (GSTT) on erectile function in rats resulting from type 2 diabetes mellitus (T2DMED). Methods: The T2DMED model was constructed by high-fat and high-sugar feeding and streptozotocin injection. After 4 weeks of GSTT intervention. Intracavernous pressure (ICP) and mean arterial pressure (MAP) were measured in each group. The level of nitric oxide (NO) in the cavernous tissue was detected using the nitrate reductase method. The production of reactive oxygen species (ROS) was detected using DHE fluorescent probe detection. Cyclic adenosinemonophosphate (cGMP) level was detected by enzyme-linked immunosorbent assay, and endothelial nitricoxide synthase (eNOS) was detected using immunohistochemistry. Masson staining was used to detect the cavernosal smooth muscle/collagen ratio. Apoptosis in endothelial cells was measured using TUNEL. Western blotting method to detect the protein expression level of eNOS, TIMP-1, cleaved caspase 3, and cleaved caspase 9. Results: After treatment, the ICP and ICP/MAP values of the GSTT were significantly higher than those of the T2DMED group (P<0.05). Unlike the T2DMED group, the GSTT group showed significantly increased NO levels (P<0.05) and decreased ROS levels (P<0.05). There was no significant difference between the GSTT group and the sildenafil group in increasing cGMP levels (P>0.05), and the mixed group had higher levels than these two groups (P<0.05). Immunohistochemistry and Western blotting showed that the expression of eNOS in the GSTT was significantly higher than that in the T2DMED groups (P<0.05). Masson staining showed that the smooth muscle/collagen ratio of the GSTT group was significantly higher than that of the T2DMED groups (P<0.05), the expression of TIMP-1 was lower than that of T2DMED group (P<0.05). TUNEL assay showed that the apoptotic index and cleaved caspase 3 and cleaved caspase 9 expression level of GSTT group were lower than that of the T2DMED group (P<0.05). Conclusion: GSTT can protect T2DMED rats' erectile function by improving penile endothelial function and inhibiting cavernosum fibrosis, inhibiting apoptosis, and is synergistic with sildenafil.
Introduction
Erectile dysfunction (ED) is a common male disease, with glycolipid metabolism disorder and oxidative stress induced by type 2 diabetes mellitus (T2DM) as an important aspect of pathogenesis. Previous studies have confirmed that the incidence of ED in diabetes mellitus (DM) patients is as high as 32-90%, 1, 2 with an age of onset, is about 10 years earlier than non-DM patients. Although there are many treatments for ED, the efficacy is not always completely satisfactory, especially for ED related to DM. First-line therapy including sildenafil recommended by each guideline shows only a slight improvement. [3] [4] [5] Gross saponins extracted form of Tribulus terrestris herbs (GSTT) constitute the main active ingredients used in traditional Chinese medicine for the treatment of impotence. This was first recorded in the "Shen Nong's Herbal Classic" in China, and was also used to treat tract infections, inflammation, and other ailments. Previous studies have shown that T. terrestris improves glycolipid metabolism, 6, 7 anti-oxidative stress, [8] [9] [10] and inhibits apoptosis. In this study, we aimed to explore the efficacy and mechanisms of GSTT in the treatment of erectile function in T2DMED rats.
Materials and methods

Experimental materials Animals
Fifty adult male-specific pathogen-free (SPF) SpragueDawley rats 6-7 weeks old and weighing 180-220 g were provided by the Experimental Animal Center of Guangzhou University of Chinese Medicine (Laboratory Animal Certificate No. SCXK Yue 2013-0034) and raised in the SPF animal laboratory of the First Affiliated Hospital of Guangzhou University of Chinese Medicine under ethical approval (No. TCMF1-2018007) of this institute. All experiments were conducted in accordance with the approved guidelines (the National Standard GB/ T35892-2018 of the People's Republic of China). All efforts were made to minimize the suffering of rat and the minimum number of rats were used to meet the valid statistical evaluation based on the guidelines of the animal ethics committee of the institute.
Study design Establishment of a T2DMED rat model
Rats were acclimated to the laboratory for 3 days and fed a normal diet, then weighed and given apomorphine (100 μg/kg; Sigma, USA) subcutaneously at the back of the neck and placed in a transparent experimental cage in a dark and quiet environment for 30 mins. 12 Erectile function was recorded based on a standard of penis enlargement, foreskin retreat, glans exposure, and congestion. After removing rats with preexisting ED, six rats were randomly selected as a control group (n=6) provided with standard rat chow ad libitum. The remaining rats were fed with a high-fat and high-sugar diet containing 15% animal fat, 20% sucrose, and 5% cholesterol added to standard rat chow provided ad libitum for 8 weeks. An unlimited 50% glucose-water solution was also provided during this period. At the end of this duration, after fasting for 12 hrs, the control group received an intraperitoneal injection of sodium citrate buffer, while other rats were intraperitoneally injected with STZ (Sigma, USA) at 30 mg/kg in order to destroy islet β cells and induce T2DM. Blood glucose was measured using a tail-cut method on the third and seventh day after STZ injection, with random blood glucose >16.67 mmol/L criteria for T2DM development. Following this, blood glucose was measured once every 2 weeks. During this time, rats continued to receive a high-fat and high-sugar diet. At week 16, fasting blood glucose was measured, and APO was injected again to screen rats for erectile function. T2DMED rats with random blood glucose >16.67 mmol/L and no erectile function were divided into four groups of six rats apiece, including a T2DMED group receiving no treatment, a group treated with GSTT, a group treated with sildenafil, and a mixed group treated with GSTT and sildenafil. Including the non-diabetic control group, this yielded five groups in total.
Drug intervention
Treatments for all rats were administered via intragastric gavage daily for 4 weeks. The GSTT group was treated with GSTT obtained from Xi'an Wanfang Biotech Co., Ltd. dissolved in purified water at a dose of 40 mg/kg/d, and the sildenafil group was given sildenafil citrate (Pfizer Inc. NY, USA) suspension dissolved in purified water after grinding into powder at 5 mg/kg/d. The mixed group was given equal amounts of saponin solution at 40 mg/kg/d and sildenafil citrate suspension at 5 mg/kg/d. Rats in the untreated T2DMED group were given the same volume of purified water.
Evaluation of erectile function
After 4 weeks of treatment, 13 an intraperitoneal injection of 10% chloral hydrate at a dose of 100 mg/kg was administered to each rat. A midline incision of the abdomen and neck was made to expose the bilateral cavernous body nerve and common carotid artery, respectively. A bipolar silver electrode was placed in the right cavernous nerve, and two 23-G infusion needles which filled with 250 U/mL heparin saline were inserted into the right penis root and the right common carotid artery and connected to a pressure transducer linked to record intracavernous pressure (ICP) and mean arterial pressure (MAP 
Drawing and slicing
After the erectile function evaluation test was completed, the penis of the rat was cut from the root, the fascia was separated, and the removed organ was divided into two parts. A part of the tissue was fixed with 4% paraformaldehyde and embedded in paraffin and another part of the tissue was frozen in liquid nitrogen and stored at -80°C for later use.
Determination of endothelial nitric oxide synthase (eNOS) expression level
Tissue samples were fixed, embedded in paraffin, and sectioned at a thickness of 5 μm. After dewaxing and rehydration, antigen was repaired and blocked, and incubated with anti-eNOS-antibody overnight at 4°C. The sections were then incubated with biotin-conjugated secondary antibody for 30 mins at 37°C, followed by incubation with avidin-4 horseradish peroxidase complex for 30 mins at 37°C, then the protoplast was processed to perform the reaction and visualize by DAB chromogen. Sections were counterstained with diluted hematoxylin and fixed with neutral glue. Five high power fields (200×) were randomly selected for each slice. The image of eNOS immunohistochemistry in each group of penis tissues was analyzed using ImagePro Plus 6.0 image analysis software.
Determination of nitric oxide (NO) level
Penile tissue stored at -80°C was homogenized and in a cold phosphate buffer solution at 2-8°C. Each homogenized sample was centrifuged at 1500 rpm for 15 mins at 4°C, and the supernatant was recovered for detection of NO levels. The protein content per milligram of tissue was determined using a Coomassie Brilliant Blue Assay Kit (Nanjing Institute of Bioengineering).
Determination of cyclic adenosine monophosphate (cGMP) expression level
The obtained penile tissue was homogenized in cold sodium acetate, and cGMP expression level in the corpus cavernosum was detected based on a rat cGMP ELISA kit (R&D Systems, Minneapolis, USA). Protein levels were determined using a BCA Protein Assay Kit (Beyotime Biotechnology, Shanghai, China).
Determination of reactive oxygen species (ROS) levels
As per Davidson et al, 14 the expression of ROS in each group was detected using a fluorescent probe with DHE superoxide anion level (Servicebio, Wuhan, China). Each section was photographed in five areas under a 200× optical microscope, using Image-Pro Plus 6.0 image analysis software (Media Cybernetics, Maryland, USA). The determination of tissue ROS content and tissue homogenate crude extract protein was carried out using Nanjing Jiancheng Bioengineering Research Institute kits per manufacturer's instructions. ROS content was defined as the reduction of hydrogen peroxide concentration in the reaction system by 1 μmol per milligram of tissue protein per minute at 37°C as an anti-reactive oxygen unit (U/mg).
Masson staining
Tissue sections of the middle part of the penis were stained according to Masson kit instructions (Servicebio, Wuhan, China). The collagen tissues of the penile sponge (stained blue or green) and smooth muscle tissues (stained red) were observed under a light microscope. The cavernous smooth muscle/collagen ratio was analyzed using ImagePro plus 6.0 software.
TUNEL staining
Apoptosis of the penile tissue of each group was detected using a TUNEL apoptosis detection kit following manufacturer's instructions. The TUNEL picture (200×) of each group of penis tissue was analyzed using Image-pro plus 6.0. Each sample was randomly selected from four fields of view. Cells with brown staining were counted as apoptotic, and the ratio of apoptotic cells to the total number of cells in the field of view yielded the rate of apoptosis.
Western blotting
The sample protein concentration was quantified by BCA method, and each sample protein extract was adjusted to the same concentration level by PBS buffer. SDS-PAGE electrophoresis, transfection, 5% skim milk powder blocking, routine anti-eNOS (Servicebio, China), TIMP-1 (ZSGB-BIO, China), cleaved caspase 3 (Abcam, USA), cleaved caspase 9 (Abcam, USA), overnight incubation at 4°C, TBST wash membrane three times, 10 mins each time, the corresponding horseradish peroxidase IgG was incubated at room temperature for 120 mins, and TBST was washed three times for 10 mins each time, and exposed by ECL method. Gray value analysis was performed using Image-pro plus 6.0 software, and the results were expressed as the ratio of the gray value of the target protein to the GAPDH band of the internal reference protein.
Statistical analysis
Data processing was performed using SPSS 20.0 software. All data were expressed as mean ± standard error. Oneway ANOVA was used to compare means and a Tukey test was performed to determine significant differences. P<0.05 was considered statistically significant.
Results
General conditions
Bodyweight and blood glucose levels of the rats in each time period are shown in Table 1 . At the end of the experiment (20 weeks), all groups showed changes in body weight and blood glucose. Mean weight in the nondiabetic control group was significantly higher than that of the T2DMED group (P<0.05). Compared with the T2DMED group, the weight of the GSTT group and the mixed group increased slightly, but the difference between GSTT group and the mixed group was not statistically significant. By the end of the experiment, the blood glucose of each group was significantly higher than that of the non-diabetic control group (P<0.05). Blood glucose in the GSTT group and the mixed group was significantly different from the T2DMED group (P<0.05). The levels of blood lipids and insulin secretion are shown in Table 2 . By the end of the experiment, Total Cholesterol, triglyceride, and low-density lipoprotein (LDL) were significantly increased in each group compared with the control group. Only LDL expression was observed decrease by GSTT intervention. In the 16th week, before the injection of STZ, the fasting insulin of the rats in each group showed a significant increase (P<0.05). At the 20th week, the insulin expression in the rats decreased with the intervention of GSTT (P<0.05). The insulin sensitivity index was significantly improved (P<0.05). This suggests that the rat model showing the characteristics of insulin resistance. Combined with hyperlipidemia, the model simulates the characteristics of patients with T2DM well.
Evaluation of erectile function
After the experiment, cavernous nerve was electrically stimulated to measure ICP and MAP. The results showed that the ICP (61±6.7) mmHg and ICP/MAP (0.59±0.08) in the mixed group were significantly greater than in the GSTT group (40±5.3 mmHg, 0.41±0.05), sildenafil group (45±7.3 mmHg, 0.45±0.06), and T2DMED group (29±3.1 mmHg, 0.77±0.04) (P<0.05), but still lower than the nondiabetic control group (77±3.4 mmHg, 0.74±0.05) (P<0.05). The corresponding values of the GSTT and sildenafil groups were significantly higher than those of T2DMED group (P<0.05), but there was no significant difference between the two groups (P>0.05) (Figure 1 ). This suggests that both GSTT and sildenafil can improve erectile function, with synergistic effects.
eNOS expression level
The expression of eNOS in rat corpus cavernosum was detected using immunohistochemistry. The results showed that the expression of eNOS in the penis of the control group was strongly positive, while expression in the GSTT and mixed groups was slightly but significantly weaker than in the control group (P<0.05), but significantly higher than in the T2DMED and sildenafil groups (Figure 2 , 
P<0.05). And this trend was also verified in Western blotting (Figure 3).
NO expression level
The NO levels in the penis of the non-diabetic control, T2DMED, sildenafil, GSTT, and mixed groups were 5.93 ±0.85, 2.23±0.35, 2.16±0.30, 4.30±0.52, and 4.16±0.39 μmol/gprot, respectively. The level was significantly higher in the GSTT and mixed groups than in the T2DMED group (P<0.05), and significantly lower than that in the non-diabetic control group (P<0.05) (Figure 4 ).
cGMP expression level
The expression levels of cGMP in the control, T2DMED, sildenafil, GSTT, and mixed groups were 0.175±0.009, 0.051±0.001, 0.113±0.008, 0.109±0.008, and 0.146 ±0.006 pmol/gprot, respectively. The cGMP level in the T2DMED group was significantly lower than in the nondiabetic control group (P<0.05). After treatment, cGMP expression in the sildenafil, GSTT, and mixed groups was significantly higher than that in the T2DMED group, and the difference was statistically significant (P<0.05). At the same time, the expression of cGMP in the mixed group was significantly higher than in the sildenafil and the GSTT groups (P<0.05), and significantly lower than in the non-diabetic control group (P<0.05) ( Figure 5 ). This suggests that GSTT and sildenafil may have synergistic effects in increasing cGMP expression.
ROS levels in each group
The expression levels of ROS in the penis of the nondiabetic control, T2DMED, sildenafil, GSTT, and mixed groups were: 59.67±4.55, 151.01±0.099, 149.33±0.89194, 110.01±0.69328, and 109.33±0.84007 µmol/gprot. ROS expression level in the T2DMED group was significantly higher than in the non-diabetic control group (P<0.05). After GSTT treatment, the expression of ROS in the GSTT and mixed groups decreased below the level in the T2DMED group (P<0.05), but were still significantly higher than in the control group (P<0.05) (Figure 6 ).
Assessment of smooth muscle fibrosis
Masson staining
The ratio of cavernosum smooth muscle/collagen in the non-diabetic control, T2DMED, sildenafil, GSTT, and mixed groups was 41.99±2.13, 4.44±0.78, 23.39±1.65, 4.29±1.10, and 22.28±2.63, respectively. The smooth muscle/collagen ratio of the GSTT and mixed groups was significantly higher than in the T2DMED and sildenafil groups (P<0.05); but significantly lower than in the control group (P<0.05) (Figure 7 ). This indicates that GSTT can improve cavernosum fibrosis in T2DMED rats. 
Expression of TIMP-1 in the corpus cavernosum of rats
The expression of TIMP-1 protein in rat corpus cavernosum was detected by Western blotting (Figure 8) . The results showed that the expression of TIMP-1 in the penis of the control group was weak, and the expression of T2DMED group and Sildenafil group increased significantly. After intervention, GSTT group and mixed group express TIMP-1 protein significantly lower than the T2DMED group (P<0.05).
Assessment of apoptotic index TUNEL staining
The apoptotic index (%) of the penis in the non-diabetic control, T2DMED, sildenafil, GSTT, and mixed groups were 2.19±0.68, 12.59±1.17, 5.03±0.87, 13.92±1.75, and 5.43±0.93, respectively. The apoptotic index of the GSTT and mixed groups were significantly lower than the T2DMED and sildenafil groups (P<0.05), but higher than the control group (P<0.05) (Figure 9 ). This indicates that GSTT can reduce the level of apoptosis in the corpus cavernosum of T2DMED rats.
Expression of Cleaved caspase 3 and Cleaved caspase 9
Western blotting was used to detect the expression of Cleaved caspase 3 and cleaved caspase 9 in rat corpus cavernosum. As shown in Figure 10 , the expression of Cleaved caspase 3 and cleaved caspase 9 in the penis of control group was weak, and the expression of T2DMED group and Sildenafil group was significantly increased, while the GSTT group and the mixed group were significantly lower than the T2DMED group (P<0.05).
Discussion
Complete endothelial function is an important physiological basis for erectile function. A long-term high glucose environment causes an accumulation of oxidative stress and damage in endothelial cells, 15 which can lead to intravascular penile lumen stenosis and thrombosis followed by ischemia and hypoxia of the cavernous tissue, damage to smooth muscle, and fibrosis. 16 eNOS plays a key role in NO production and relies on intact endothelial cell function. Abnormalities in eNOS expression and activity due to endothelial dysfunction and NO synthesis disorders are considered to be caused by various vascular diseases, including DM. This is an important pathological basis for diseases such as ED, 17, 18 and this change often continues after blood glucose is controlled. Various methods have been investigated for treating T2DMED, including the use of stem cells to repair damaged tissues, 19 or using islet kininase to improve oxidative stress. 20 These treatments have had some effect, but are not yet sufficiently developed for clinical application. Therefore, the current first-line treatment plan is still oral administration of a Phosphodiesterase type 5 (PDE5) inhibitor such as sildenafil. This can promote erectile function by inhibiting the activity of PDE5 and reducing the degradation of cGMP in the NO/cGMP pathway. However, long-term clinical studies have found that patients with T2DMED do not have the desired outcome under PDE5 inhibitor treatment, and may show only a slight improvement. [3] [4] [5] We speculate that this is because T2DMED is not due to excessive degradation of cGMP, but due to an insufficient source of cGMP. That is, a long-term high glucose environment leads to endothelial cell damage, fibrosis, and increased apoptosis, which reduces NO synthesis and eventually leads to insufficient cGMP, 21, 22 causing ED. Therefore, repairing the vascular endothelial cells, increasing NO expression, improving smooth muscle fibrosis, and inhibiting apoptosis are key in the treatment of
T2DMED.
Tribulus terrestris is a commonly used traditional Chinese medicine, which functions to tonify the kidney and calm the liver, and is often used for the treatment of eyesight, diuretic, cough, skin itching, headache and dizziness, and blockage of the mammary duct. In India, its fruit is also used to treat diseases such as infertility, impotence, ED, and low libido. 23 Modern research has shown that the main role of T. terrestris depends on the anti-inflammatory and anti-aging activities exhibited by steroidal saponins and steroids. GSST is often used to improve sexual function, and has also been shown to improve insulin-dependent DM by inhibiting α-glucosidase. 6, 7 Clinical trials have demonstrated that GSTT can significantly improve blood glucose and anti-oxidative stress, 8, 10 and can inhibit apoptosis induced by oxidative stress, 11 ROS is a product of the combination of AGEs (Advanced Glycation End Products) and RAGE (Receptor of Advanced Glycosylation End Products), and plays an important role in oxidative stress, which activates the redox-sensitive transcription factor nuclear factor-JB in vascular wall cells, promoting the expression of various atherosclerosis-associated genes and RAGE. 24 In this study, we demonstrated that GSTT alone can reduce ROS content in the cavernous and reduce oxidative stress. We also found that GSTT can improve blood glucose levels and insulin secretion in rats, though not entirely normalize it. At the same time, ICP and ICP/ MAP records of the rats in this study also showed that the erectile function of the mixed treatment group significantly improved compared with the T2DMED group, the GSTTonly group, or the sildenafil-only group. This confirms previous studies on GSTT in basic and clinical trials to improve erectile function. [25] [26] [27] [28] We further found that GSTT can improve the expression of eNOS in rat endothelial cells, directly increasing the concentration of NO, and ultimately improving the level of cGMP in each group. Moreover, the final concentration of cGMP in the mixed treatment group was significantly higher than in rats treated with only GSTT or only sildenafil, suggesting a synergistic effect. Finally, in terms of tissue structure, long-term DM causes smooth muscle/collagen ratio imbalance, which is an important factor in the occurrence of T2DMED. 29 In our study, Masson staining showed a significant decrease in the smooth muscle/collagen ratio of the corpus cavernosum in the T2DMED group compared to the non-diabetic control group, and the expression of TIMP-1 suggesting that GSTT can improve penile fibrosis and protect the structure of the corpus cavernosum. This study has some shortcomings, although the T2DM model in this study is better representative of human T2DM than the model used in a previous study [30] [31] [32] and more economical. Our experiment try to simulate the normal pathogenesis of T2DM, i.e., via long-term high-sugar and high-fat diet causing insulin resistance, followed by small doses of STZ to destroy rat islet cells. And based on our data with regard to body weight and blood glucose and insulin, most of our model is closer to T2DM, but there are still some models (about 40%) are fail to build, suggest that the modeling method still needs improvement. In addition, although we have identified clear histological and molecular changes that played a role in improving erectile function, there may be other factors that may regulate this functional improvement which require further study.
Conclusion
This study demonstrates that gross saponin of T. terrestris improves erectile function of T2DMED rats by repairing endothelial cells, improving cavernosal smooth muscle fibrosis, and inhibiting smooth muscle cell apoptosis. In addition, there is a synergistic effect with sildenafil in the improvement of erectile function.
